BACKGROUND: Liver and lung metastases are the predominant cause of colorectal cancer (CRC)-related mortality. Chemokinereceptor pairs have a critical role in determining the metastatic progression of tumours. Our hypothesis was that disruption of CXCR7/CXCR7 ligands axis could lead to a decrease in CRC metastases. METHODS: Primary tumours and metastatic tissues from patients with CRC were tested for the expression of CXCR7 and its ligands. Relevance of CXCR7/CXCR7 ligands for CRC metastasis was then investigated in mice using small pharmacological CXCR7 antagonists and CRC cell lines of human and murine origins, which -injected into mice -enable the development of lung and liver metastases. RESULTS: Following injection of CRC cells, mice treated daily with CXCR7 antagonists exhibited a significant reduction in lung metastases. However, CXCR7 antagonists failed to reduce the extent of liver metastasis. Moreover, there were subtle differences in the expression of CXCR7 and its ligands between lung and liver metastases. CONCLUSION: Our study suggests that the activation of CXCR7 on tumour blood vessels by its ligands may facilitate the progression of CRC within lung but not within liver. Moreover, we provide evidence that targeting the CXCR7 axis may be beneficial to limit metastasis from colon cancer within the lungs.
In CRC patients, CXCR4 expression by colorectal tumour cells is significantly associated with lymphatic and liver dissemination, with an increased risk for tumour recurrence, as well as a poor prognosis (Verbeke et al, 2011) . Moreover, it has been shown, in a mouse model of metastatic colon cancer, that blocking of the CXCR4 function on carcinoma cells induced a markedly decreased number of liver and lung metastases. According to the authors, this antitumor effect resulted from the impairment of proliferation rather than from an inhibition of invasion (Zeelenberg et al, 2003) .
Besides CXCR4, CXCL12 was shown to recognise with high affinity orphan receptor CXCR7/RDC1 (Balabanian et al, 2005 ). Schall's group was the first to demonstrate an implication of CXCR7 in physiological and pathological processes, including cell growth/survival and adhesion, as well as promotion of tumour growth (Burns et al, 2006) . More recently, numerous studies confirmed the critical role of CXCR7 in promoting the growth of several cancers in vivo (Miao et al, 2007; Wang et al, 2008; Bennani-Baiti et al, 2010; Zheng et al, 2010; Monnier et al, 2012) .
Our study aimed precisely at getting new insights into the role played by CXCR7/ligand interactions in the metastatic development of CRC within two major target organs, lungs and liver. Using mouse models of metastatic colon cancer and small pharmacological CXCR7 antagonists, we tested the therapeutic potential of CXCR7-blocking strategy on both types of experimental metastases. Furthermore, in order to establish a link between animal models and human disease, primary malignant and metastatic tissues from human patients were tested for the expression of CXCR7 and its ligands. Together, our results define CXCR7 axis as a key mediator for lung metastasis of colon cancer and identify CXCR7-blocking approaches as promising strategies against lung metastases.
MATERIAL AND METHODS

Animal studies and tumour cell lines
Female BALB/c and SCID mice, 6-8-weeks-old, were purchased from Harlan (Gannat, France). Murine C26 colon carcinoma tumour cells derived from BALB/c mice (Corbett et al, 1975) were provided by Dr Mario Colombo (Istituto Nazionale per lo Studio e la Cura dei Tumori, Milan, Italy), and human HT29 colorectal adenocarcinoma cells were obtained from LGC Promochem (Molsheim, France). Colorectal cancer cell lines were maintained in McCoy's medium (Gibco-BRL Life Technologies, Cergy-Pontoise, France) supplemented with 10% heat-inactivated FCS (Gibco-BRL).
Ethics statement
All of the procedures involving animals and their care were conducted in accordance with institutional guidelines (Permit number A06-088-14) and after approval by the local ethics committee: Comité Institutionnel d'Éthique Pour l'Animal de Laboratoire (Permit number NCA 2008-02) .
Human tumour tissues used in real-time PCR (RT-PCR) experiments were obtained from the Institut Paoli Calmettes (IPC, Marseille, France) and were collected from patients with invasive colon adenocarcinoma who underwent surgical biopsy or initial surgery at the IPC between 1987 and 2007. Each patient gave written informed consent and the study was approved by the IPC 'Comité d'Orientation Stratégique'.
Human tumour tissues used for immunohistochemistry were obtained from the 'Laboratoire Central d'Anatomie Pathologique' of Pasteur Hospital (Nice, France). All tumour samples were collected at the 'Centre Hospitalier Universitaire' (CHU) of Nice (France) between 2004 and 2009, after obtaining written informed consent according to study approved by the ethics committee of CHU of Nice.
TaqMan RT-PCR experiments
Total RNA, from human and mouse tissues, as well as cell lines, was extracted using RNeasy kit (Qiagen, Courtaboeuf, France) and transcribed into cDNA using the Superscript III enzyme (Invitrogen, Cergy-Pontoise, France). Real-time PCR was performed in an ABI PRISM 7900, as explained in detail in Supplementary Appendix.
Mouse models of pulmonary and liver metastasis
For the induction of metastases, C26 and HT29 cells were delivered, as previously described (Cambien et al, 2009) , by intravenous injection, respectively, into BALB/c or SCID mice. The treatments were delivered to mice by intraperitoneal injections of 100 mg kg À 1 of the CCX754/CCX771 compounds (Burns et al, 2006) , or vehicle, once a day on days þ 5 to þ 12 (syngeneic C26 models) or on days þ 7 to þ 28 and then, on days þ 36 to þ 57 (immunodeficient HT29 models). Fifteen days after the injection of the C26 cells or 9 weeks after the injection of HT29 cells, mice were killed.
Immunohistochemistry
Three-micrometres sections of formalin-fixed, paraffin-embedded primary tumours and metastatic tissues from separate patients with CRC were subjected to heat-mediated antigen retrieval in citrate buffer (pH 6) before blocking in sequential peroxydase and protein block for 20 min at 20 1C. Samples were incubated with primary mouse anti-CXCR7 monoclonal antibody (IgG1 clone 11G8; R&D Systems Europe, Lille, France) for 45 min at 20 1C and then with a HRP-conjugated rabbit anti-mouse antibody.
Statistical analysis
Statistical comparisons were performed using the non-parametric Man-Whitney U-test, and statistical significance was set at Po0.05.
RESULTS
CXCR7 and its ligands are over-expressed in human CRC
To determine whether CXCR7, one of the two specific receptors for CXCL12, was expressed in colon carcinoma, we first analysed by quantitative RT-PCR the mRNA levels for CXCR7 on surgical resection pieces of human primary colorectal tumours (n ¼ 29) and on healthy colon (n ¼ 14) tissues. Our analysis of this independent set of samples revealed that the CXCR7 receptor was expressed in healthy human colon tissues and significantly more expressed (4.2-fold) in the biopsies of CRC ( Figure 1A , Supplementary Table 1) . As previously described, CXCR4, the other well-characterised CXCR7 antagonists inhibit colon carcinoma metastases to lungs E Guillemot et al specific receptor for CXCL12, was significantly more expressed (3.4-fold) in cancer vs healthy samples ( Figure 1A , Supplementary Table 1) . We thus evaluated the ability of human primary colorectal tumours to produce the specific CXCR7 ligands. Analysis by quantitative RT-PCR indicated that both CXCL11 and CXCL12 chemokines were significantly more expressed (9.1-and 5.3-fold, respectively) in the biopsies of CRC compared with healthy human colon, suggesting that a potential autocrine/ paracrine relationship for the activation of CXCR7 could exist in malignant primary colorectal tumours ( Figure 1B , Supplementary Table 1 ).
In primary colorectal tumours, as well as in lung and liver metastases from patients, CXCR7 receptors are mainly detected in the vicinity of tumour-associated blood vessels
Depending on the origin of cancer, CXCR7 was described to be expressed both by the tumour cells and the stromal cells (Hou et al, 2010; Sun et al, 2010) . Little is known about the protein expression of CXCR7 in CRC. By immunohistochemistry using anti-CXCR7 specific monoclonal antibody (11G8 clone; R&D Systems), we were then intrigued to identify CXCR7-expressing cells in primary colorectal tumours and also in lung and liver metastases.
CXCR7 protein expression was first analysed in human CRC sections from primary tumours (n ¼ 11), and we observed the presence of CXCR7 in all colorectal tumours tested (Supplementary Table 2 ). The staining was almost exclusively detected in the cytoplasm of tumour-associated blood vessel cells ( Figure 2B ) but never in the colon cancer cells. However, most of the normal colon tissues (Figure 2A ) displayed undetectable CXCR7 levels, except in some specimens where a few submucosal vessels were stained positively for CXCR7 (Supplementary Table 2 ).
In the lung (n ¼ 8), as well as in the liver (n ¼ 9), metastases from separate patients with CRC, the expression of CXCR7 was also mostly observed in the tumour-associated blood vessels and undetected in the tumour cells ( Figure 2D and F) . However, and more strikingly, no positive cells were found in the healthy tissue of the lungs ( Figure 2C ), whereas in all samples from normal liver, CXCR7 was expressed by most of the normal centrolobular veins ( Figure 2E ).
Systemic CXCR7 antagonism reduces pre-established lung metastases but not liver metastases from colon cancer
Based on the expression of CXCR7 in the human colon tumours and particularly in metastatic sites, we hypothesised that the blockade of CXCR7 might be an effective treatment against the CRC metastases. We tested this hypothesis by evaluating the effects of the CCX754 and CCX771 compounds, two potent specific CXCR7 antagonists (Burns et al, 2006; Zabel et al, 2009 ), on mouse experimental models of metastasis using mouse C26 and human HT29 colon cancer cell lines, previously characterised for their CXCR7 expression (Supplementary Figure 1) .
In vivo, the treatment with CXCR7 antagonists was administered to animals ( Figure 3A and B) at a stage where the presence of experimental micro metastases had been verified (data not shown). When the lungs were examined at killing, CXCR7 antagonisttreated mice exhibited fewer pulmonary metastases than vehicletreated mice both in the C26 and HT29 models ( Figure 3C and E) . Treatment of the mice with CXCR7 antagonists significantly reduced the number of metastases in the lungs of C26-injected mice (by 40%, 77 ± 6 vs 129 ± 5) and in the lungs of HT29-injected mice (by 56%, 2.6 ± 0.8 vs 5.9 ± 1.4). Surprisingly, systemic antagonism with CCX compounds did not lead to any significant decrease in tumour burden in the liver, either in the C26 or HT29 tumour models ( Figure 3D and F).
CXCR7 and its ligands are differentially expressed in lung and liver metastases from colon cancer
The CXCR7/CXCR7 ligands axis has been described to be involved in paracrine interactions promoting tumour progression (Duda et al, 2011; Verbeke et al, 2011) . In the light of these observations, and with the objective to understand the ineffectiveness of CXCR7 antagonist treatment on liver metastases compared with the lung's, we have been led to examine and compare the expression levels of CXCR7 and its ligands within both metastastic sites.
Using specific probes directed against human or murine CXCR7 and CXCR7 ligands, the metastatic lungs and livers from immunodeficient mice injected with human HT29 cells were exploited to quantify and to distinguish mRNAs, resulting from human malignant cells themselves from those resulting from murine stromal cells. Important differences were indeed detected in the expression of CXCR7 ligands between colon tumour cells from lung and liver metastases ( Figure 4A , Supplementary Table 1 ). We observed significantly higher expressions of CXCL11 (12-fold increase) and CXCL12 (37-fold increase) by the human tumour cells from lung metastases compared with liver metastases. In contrast, there was no significant difference in the expression of either chemokines between the stromal cells from lung or from liver metastases ( Figure 4B ). Interestingly, we found that the lung tissues showed a 12-fold increase in the expression levels of murine CXCR7 mRNA compared with liver tissues ( Figure 4B , Supplementary Table 1) . 
The VEGF and CXCL8 angiogenic factors are not under control of the CXCR7 receptors in colorectal lung metastases
The CXCR7/CXCR7 ligands axis might be directly implicated in the tumour angiogenesis but also indirectly, by regulating processes that lead up to the expression of proangiogenic factors such as CXCL8 and VEGF (Wang et al, 2008; Hou et al, 2010) . Therefore, we assessed the mRNA expression of CXCL8 and VEGF in HT29-injected mice treated (or not) with a CXCR7 antagonist. As shown in Figure 4C , the treatment with the CCX771 compound did not significantly affect the expression of CXCL8 or VEGF in the human malignant cells nor the expression of VEGF in the murine stromal cells (the homologous CXCL8 does not exist in mouse).
DISCUSSION
The chemokine CXCL12 has been implicated in multiple steps of tumorigenesis and progression of metastatic disease (Balkwill, 2004; Zlotnik, 2008) . It was generally believed that CXCL12 mediated these processes via a single cell-surface receptor, CXCR4. Since then CXCR7 has been identified as an alternate receptor for CXCL12, and many studies have highlighted that CXCR7 receptors also have key functions in promoting the development of several types of tumours (Burns et al, 2006; Miao et al, 2007; Meijer et al, 2008; Wang et al, 2008; Bennani-Baiti et al, 2010; Grymula et al, 2010; Hattermann et al, 2010; Kollmar et al, 2010) . Consequently, tumour events regulated by CXCL12 seem more complex than previously thought, justifying the examination of earlier findings related to this chemokine in light of an additional receptor. CXCR7 expression has been reported in various human cancers, including lung, prostate, breast and liver carcinoma (Miao et al, 2007; Wang et al, 2008; Iwakiri et al, 2009; Marechal et al, 2009; Zheng et al, 2010) . To date, CXCR7 has never been examined in human colon carcinoma. 
CXCR7 antagonists inhibit colon carcinoma metastases to lungs E Guillemot et al
In the present study, we first evaluated the expression of CXCR7 in the human colorectal adenocarcinoma. Our results show a stronger induction of mRNA expression for this receptor in CRC compared with normal colon mucosa. At the cellular level, in the primary tumours, the presence of the CXCR7 protein was restricted to tumour-associated endothelial cells, whereas it was clearly absent in epithelial and endothelial normal cells, as well as in tumour cells. With the exception of the centrolobular veins in the healthy liver, which, surprisingly, were positive for CXCR7, the same cellular distribution of the CXCR7 protein was observed in lung and liver metastases. These results are consistent with studies in other human cancers that have also described CXCR7 expression on the neovasculature associated with tumour, but not on most of the non-transformed cells or non-tumour vasculature (Miao et al, 2007; Monnier et al, 2012) . Nevertheless, one study has demonstrated, by using specific antibodies as defined by Berahovitch et al (2010) , that in human biopsies of rhabdomyosarcomas, breast and lung cancers, CXCR7 was expressed on a majority of tumour-associated blood vessels but, also, on the malignant cells (Miao et al, 2007) . All these observations lead to speculate that the CXCR7 expression in tumour vessels is a common feature of all cancers, whereas the presence of this receptor in malignant cells would be restricted to a few types of cancers.
Besides, our study has shown that expression of CXCL12, the common chemokine to CXCR4 and CXCR7 receptors, was significantly higher in CRC than in normal colon mucosa. This finding is consistent with previous studies where the increased expression of CXCL12 in colorectal tumours has also been significantly associated with tumour stage, lymphatic invasion, venous invasion, lymph node and distant metastases and decreased survival rate (Verbeke et al, 2011) . As for the other known ligand for CXCR7, and as we previously reported (Cambien et al, 2009) , our results showed a mRNA induction of CXCL11 in CRC compared with normal colon, which was confirmed at the protein level by Yang et al (2011) .
Collectively, all these data suggested that the CXCR7-CXCR7 ligands axis could have key functions on the process of human colon carcinoma metastasis and prompted us to assess its in vivo relevance. With the aim of investigating if CXCR7 could also intervene in the growth of metastases of CRC, we tested whether a systemic treatment with CXCR7 antagonists, such as CCX754 or CCX771 compounds (Burns et al, 2006) , could affect local growth of pre-established metastases. Interestingly, this systemic treatment by CXCR7 antagonist strongly reduced the tumour expansion within lungs of both HT29-and C26-inoculated mice. Thus, CXCR7 appeared to be a key factor in the progression of colon cancer metastases in the lungs of mice. Moreover, and in contrast to the effects on pulmonary metastases, the extent of liver metastasis was unaffected by the CXCR7 antagonist treatment, suggesting that CXCR7 may mediate the metastasis process of colon carcinoma in an organ-specific manner.
To gain further insights into an organ-specific inhibition of metastatic colon cancer growth through CXCR7 antagonism, we analysed the expression of CXCR7 and its ligands within lung and liver tumours. Investigations at mRNA level were conducted on tumours from HT29 model, which was then crucial to quantify and to distinguish mRNAs resulting from human malignant cells themselves from those resulting from murine stromal cells. Thus, our data highlighted that, in pulmonary metastatases compared with liver foci, human CRC cells expressed more CXCL11 and CXCL12, whereas murine stromal cells expressed more CXCR7 receptors. Together, these results suggested that CXCR7 ligands secreted by tumour cells could reach, in the lungs but not in the liver, levels sufficient to induce a paracrine process, which may further contribute to the progression of metastases and/or exacerbation of the disease. Moreover, knowing that CXCR7 receptors were exclusively expressed by the endothelial cells in CRC, it was tempting to speculate that the CXCR7 ligands could directly or/and indirectly regulate vascular development within lung metastases.
The CXCR7 axis is known to be indirectly implicated in tumour vascularisation through processes leading up to the expression of proangiogenic factors such as CXCL8 and VEGF (Wang et al, 2008; Hou et al, 2010) . In our study, we observed that in the lung metastases of CRC, CXCR7 axis failed to regulate the expression of CXCL8 and VEGF (at the level of transcription), rather suggesting a direct control of CXCR7 axis on vascular tumour growth. In this case, as it has been reported, CXCL12 could help the angiogenesis process by stimulating the migration and division of the endothelial cells (Duda et al, 2011) and/or could facilitate the vasculogenesis process through the attraction of the endothelial progenitor cells (Dai et al, 2011; Yan et al, 2012) . It should be noted that, in vivo pathological concentrations of CXCL12 alone fail to induce significant vascularisation (Mirshahi et al, 2000) , whereas in contrast, in synergy with soluble factors, such as VEGF, they can be able to induce potent vascularisation (Kryczek et al, 2005) . So, it is reasonable to assume that in lung metastases, unlike liver metastases, the levels of CXCL12 are sufficient to trigger these synergistic effects, thereby confirming the study by Meijer et al (2008) who suggested that CXCR7 axis may control tumour development mainly in the tissues with high CXCL12 expression. In light of these findings, we propose that the combination of anti-VEGF and anti-CXCR7 strategies could be particularly effective in the treatment of lung metastasis of colon cancer.
Finally, our study suggests that chemokine expression by tumour cells is essential for metastatic development in the lungs. Nevertheless, host environment notably shapes tumour cellchemokine expression and could thereby contribute, together with intrinsic properties of colon tumour cells, to tissue specificity of metastatic process.
In summary, our data point to a distinct role of the CXCR7/ chemokines axis in lung metastasis compared with liver metastasis. Systemic treatments with CXCR7 antagonists significantly reduce metastasis of colon cancer cells in the lungs without affecting that of the liver and provide supporting evidence that targeting the CXCR7 axis may be beneficial in limiting metastatic colon cancer.
